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INTERMEDIATE STRUCTURE IN UNRESOLVED RESONANCES OF
FXSSILE AND FERTILE NUCLIDES*
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and Lynn,s who provided a model of the fission process and a formalism
to describe the structure. It is usually assumed that one can represent

motion in the fission degree of freedom by the traversing of a two-humped
one-dimensional potential barrier: the fissi,lning nucleus initially

finds itself in one of the states in the first well (Class I states];
Lhtise are coupled through the first barrier to states in the second well

(Class 11 states), which are coupled to the con:inuum through the second

harrier B. The fission components of the wave function correspond to the

vibrations in the first and second wells. Class I states are expected to
show relatively large neutron widths and small fission widths, while
Class 11 states show small neutron widths end large fission widths. The

coupling between the two gives rise to intermediate structure. Analysis
of subthreshold fission d~ta6 has been carried out to provi(le

information on the shape of the barrier: The magnitude of the
fluctuations is related to the barrier coupling parameters, and the level

drnsity of the Class 11 or intermediate structure states allows one to

infer the effective excitation in the second well. In this connection,
the significant advantages of a polarized-neutron ●nd polnrizecl-tar~et

measurement in studying intermediate structure should he noted. For
(2J’Np + n), Kevworth et al.7 showed that each resonance belonging to

,7n ~ntrrmcc fiate-slructure clump has the same spin. This implies thnl
such polarization measurements can he used as an additional tool to

rev?al nonst~t isticnl hrhnvinr.



one extract the average fission widths. More nearly complece data are
needed : either the total, scattering, or absorption (capture) cross
sections in addition to fission.

One must also consider resolution effects. Derinis et al.15 noted

that tests based on runs distrihutionslb dnd lengths of runs17 are to

be questioned if the energy step size is comparable to the coherence

width [in unresolved resonance data analysis, the significant coherence

width is ‘“le resolution width). We hnvc carried out Monte Carlo

simulation tests to study this effect on the Wald-Wolfowitz runs
distribution test as it has been applied to unresolved resonanrc rtatn on
235U ad 238U. We find that if the bin size for averaging is

comparable to the resolution width, the test res~llts can br seriously
compromised. However, if the resolution width is small compared to the

averaging bin width (< 102), the test results ar~ approximltcly valid.

For most of the data on 23511 and Zset,,
the latter situation is thr

one that obtains.

Several studies]~-zl have suggested that the strucLurr oh~crve.1 in
<rf> for ( 2’51! + n) is nonstatistical, and again polarization

9-I
measurements-- showed that each of the anomalous struclllres has

definite spin. Brer and liappelcr23 recently tinalyzed the str(lct(lrc in
<rf> for ( 2J5L! + n) to infer properties of th~ deformatiiln

potential, under the assumption that the intermediate structurr rrflccts
Lhc lrvrl sFacing in the sccnnd WC]].

IKI’ER?lEDIATE STRi’t”l”llRE IN RAIJIATIVF CA1’Tl:fik BY Z’d[l



larg? overlnp. At subbarrier energies these first-well vibrations are
ineffective as fission domwaym, hut at energies above the first harrier,

this is not necessarily BO; the large vibrational amplitudes in the first

well cqrried by such a doorway may allow the possibility of overlap with
entrt~ce channel daOrwaVs, leading to correlated widthb. According to
such a model, the fission cross section would have a pre-equilibrium

comportment.

PARITY ~ETFRM~NATION OF THE STRUCTURE
IN ( 3aU + n) RADIATIVE CAPTURE

Z3YLI have even parit:lNoting that all the lowest-lying levels in
~nrvi rt al.29 suggrsted that one could measure the intensity of
primary transitions feeding these levrls relative to transitions to all
levels, and deduce the parity of p-wave r~sonances in (Z3BIJ + n) , usin?

tile property that El transitions are on th~ ni”oragr much more intcnsr

than Ml and E2. C.orvi ’s method was used successfully in a~signing 57

resonances as p-wave. The mrthod cannot he Ilsed for assigning all

resonances simplv brcause of Porter-Thomas fluctuations in the partinl
wicfLhB for LIIC f~”w most Crrrgetic primary transitions. (Only two such
trunsitinns arc pns~iblc for pi/2 reRonanccs, and four for p3/2

rcsorianccs. )

For n detrrminntion of thr pnrity of lIN’ intcrm{~diatc sLrucLurr
‘Q-z’ rorvi’s mctllnd dors not suffer from thisrt’portrd h:l }’rr@z eL a]. ,

prOhlrm. In a typical L(MI eV enrrg}’ bin, tll(’re nru nhouL twcnLy slf”:

nnd pi/? rd’snnances, and nhout fnrtV p3/2. If th~ strucLur~ is dl.lr

tn p-wiIvr rusonnncrs in which tlw highesL Pnorgy primnrv transitions
nccllr with ttleir expected inLrnsity, thr mrthod nhou]d pivr a rrliablr
rstimnLr of tile re]ntivr p-wavr rontrihution. (Onr rstimritcs tlI(’ varianc~’
~q ?/&() fnr pi/?, ?/1~() for p3/2)a



s-wave neutron interactions are dominated mostly by elastic scattering.
The radiation width is generally small compared to the neutron width;

capture is roughly proportional to the radiation width, and the amount of

capture that occurs is nearly independent of the nectron width. (cf.

Table II of the following section.) If s-wave neutron interactions are

primarily responsible for the prominent observed intermediate structure
resonances below 4(I keV, it would appear that at least some of the
c)bser-~ed variation is due to the radiation width, and possibly to

correlations between the average neutron and radiation widths.

A SENSITIVITY ANALYSIS

For many years, one of the integral tests applied to check the

adequacy of resolved and unresolved resonance evaluations of 235U and

I
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239Pu was to calculate the Bramblett-Czirr experiment, 31~32 in which

resonance-self-shielded fission rates were measured as a function of
absorber thickness in broad energy bins to neutron energies of a few

keV. The first attempts to calculate the tqxperiment were done to check
“33~s4 the results suggested that the 239Puthe ENDF/B-111 evaluation,

evaluation could be considered to be satisfactory, hut that u~3;j 40%

discrepancies existed between calculation and eXperlmenL for .

Subsequent modified evaluations for 235u gave little improvement, but

recently ~zirr35 cleared up the discrepancy in a remeasurement of the
experiment, concluding that the earlier results were not correct.

The Bramblett-Czirr experiment is remarkably sensitive zo small

cha,lges in resonance absorption, and we have chosen to carry out a
sensitivity study of the effects of varying the data Gets of 235U and

238U bv calculating a hypothetical Bramblett-Czirr measurerlcnt ;~ethree
energies for 235U (0.2, 2, and 20 KeV) and at two energies for U

(13.5 and 37 keV). The calculation used an R-function representation

(neglecting fisEion interference) with the basic averaFr. parameters shown

in Table I. Individual resonance parameters for the 2J5U study were

selected by Nonte Carlo sampling, using a Wigner distribution for the

spacing and a Porter-Thomas distribution for the neutron and pa-ti~l
fission channels. The radiative widths were taken as constant. For the
238U study, neutron widths were selected by Monte Carlo for two of the

three channels studied and ~lniformly over the Porter-Thomac distribution

for the third, to reduce the number of calculations required. Each of

the variables studied was varied on the a~ierage by 10%. Tile res[llts are

given in Table.; II and 111. As expected, we found that the radiative

ca ture cross section of
!

23eU is not sensitive to changes ill
<r n>; even a factor of twrl change leads to only a few prrccnt
in LIIfI capture cross section. Ilowever, if the ~-wnve nputron and

radiative capture wicfths are correlated, one can expect changes of the

si7.~ nttrih~lted hy Per~z ~t al. to intrrmecfiate Structllrc. The effect of
235U fi~sion and capture crosswidtii correlations on the sections is

verv pronollnccdm We find thnt if If)% of thl~ fission wicft}] is

n~’utror,-wicfth ccirrrlcted for each resnn:lnce, this is eqlllvalent to
increasing the fission wi4th hv - H()%, rfecrcasin~ the! rndiut ion width

Ilv 10%, nnd gives r~th~r different behrtvirlr in a strongly
S(I1 I -slll[)ldtIcl rnvironmrllt .

~[lMM;,K~ ANI) (:ONL;I.[IS]ONS”



TABLE I . Average Resonance Parameters Used in the Calculation of
Temperature Dependent Resonance Self-Shielding Reaction Rates for (235U
+ n) and ( 23dU + n) in the Unresolved Resonance Region.

Resonance Strength
Target Function < 1)> <rf > .,~ > <ry> Iia

~.l:!:;
(eV) (eV) (eVJ (e6? (eV) (~](-)-3)

235
u 3- 0.968 ().Q53 0.090 0.090 (-).035

4- ().968 0.809 o.06~ 0.022 0.(-)35

23BU l/p+ 1.134 20.9 0.022Q

l/2- 1.7 20.9 - ~.(-)?~9

312- 1.7 11.1 0.022Q

understood in terms of vibrational states in a double-humped potrntial

barrier. This interpretation of intermediate structure in fission
s~]ggcsts that th~re should he a weak negative correlation of the apparent

average fission widLh and the average neutron width; in the case 01
fissilc, or suprathrcsho]d fissioning species, this corr~lation SIIOUICI ho
so small as to be undetectih]e. The question of a possible correlation
of neutron and radiation widths for fertile nucl ides hns IIlso he~n

considered over the years. It has gcnert.lly been concluded that there is
no reason to expect these widths to be correlated, even thougl] a
significant positive correlation is known to exist in tbe s-wave

pnrnmoters for the resolved resonances in ( “all + n), Recently Percy.
et al.p~ have reported strong ~vidence for intermediate structurv in

230[] in th~ energv r~~gion h~]()’”the radiative capture crnss section of

100 koV, nncl ijav~ fitted th~ srr~lcture with a doorway ~t~te mnrl~l

inv{~lvin~ p-wnvr nelltronfi. SIlclI n m~chnnisrn cotIld lead to pnrtitil width
c(lrrf,lfltionc. lnt(lrmorlint~ s(rllctllrr has nlsn hPr:3~rportPfl in rhr

fissinn crnss sections of fissilr nllclei, and in ( (1 + n), t},,,

n~lltrnn and fi~sicn wirftlls nppenr to shnw rvidencv of n posit iv~)
corrrlnt ion, su~~e~tivc of a cnmmon <~norwny and of {I mrcll.lnism (Ii fllIr(III[

from tllnt for sllhLl)r(*shnld fissinn.

Ccrtnin of tllr stntisticnl rrsls lhnt hnvu l)rrn IISI-d to S}IOW Ihi.

prosvncc of illturmoc!intr structurr, i? pnrticlll.ir tllr Walfl-WOlfOwitz rlllls

and currclnt ion tcntn, nre knnun to II(’ compromised wllcn nppli~d to
llnr(’~nlv[’d r~sflnallcc dntn ilwlyqic I’rcnllsr’ of finit~ rvsoltlt inn ill I!III

mllnsllrtlm(-nls. Wc t~nvr ~t~ldir(l rlli~ effort, all(l l“on(:ltlll(’ Ll):lr fol” mt~sl [,f



Table II. Resonance-self-shielded capture cross sections of 23eU at
13.5 and 37 keV calculated from the average parameters of Table I, at an

assumed temperature of 300 K, and percent changes resulting from the
following: A) multiplying the average s-wave radiation width by a factor

of 1.1; B) multiplying the average s-wave neutron width by a factor of

1.1; C) multiplying both s-wave neutron and radiation widths hy a factor
of 1.1, and allowing 10% of the radiation width to be correlated; D)

multiplying the avsrage s-wave neutron width by - fgctor of 2,

E) rnuitiplying the average p 1/2 neutron width by a factor of 1.1;

F) multiplying the average p 3/2 neutron width by a factor of 1.1;
G) multiplying the average p 1/2 radiation width by a factor of 1.1;

H) multiplying the average p 3/2 radiation width by a factor of 1.1; and

J) multiplying the neutron and radiation widths for all p-wave levels hy
a factor of 1.1 with the increase in ry ‘orrelated to rn.

E = 13._i keV:
n

Absorber

Thickness (g/cm~):

<%,y~ (b):
% cnange A:

B:

c:
D:

E:
F:
c:

H:

J:

0.0
00666

+3.2
+(3.6
+5.3
+3.1
+().-)
+2.5
+].3

+ .9
+6.9

0.48
0.632

+3.2

+0.5
+5.2

2.6
+(3.7
+~.5

+].~

+2.9
+6.8

1.86
0.546

+3.1
+0.3
+4.7
+1.0

+0.7
+2.5

+1.2
+~,q

+6.5

3.64

0.453
+3.(3
+().]

+4.1
-0.6

+0.6
+2.5

+].2

+2.9

+6.3

8.94

0.262
+~m~

-!3.2
+3.0

-4.0
+0.6
+2.4

+:.2

+2.8

+5.7

17.96

O.lob
+2.5

-0.6
+1.8

-6.8
+0.6
+2.4

+1.2
+2. 8

+5.6

—————-— — . — .

FII = 37 kei’:

Ahsnrher

Thickness (E/cmz)
<o ~ ,Y > (b):
% cl}ang~ A:

II:

::
1) :

E:
F:

(; :
}1 :

J:

0.(-)

().38R
+~,~

4(-).2
+q.o

+1.6
+(-).5
+],q
+0.7

+1.2
+6.7

O.LR

0.372
+2.0

+0.2

+2.9
+1.4
+(), ~

+1.9
+0.7

+1.2
+6.()

1.86

0.327
+2.(-)

+0.1
+~.[~

+0.8

+0.5
+1.~

+0.7
+1.2

+6.5

3.64

0.276

+2.(1
+0.]
+~.~

0.0
+().5
+1.9

+C1. 7

+1.2

+6.3

8.94 17.9{)

0.168 0.(773
+1.~ +1.9

-0.1 -(I.L
+~.3 +1.R
-1.7 -3.7
+(-).4 +(-).4
+1.8 +].(1

+().7 +0.7
+].2 +1.2
+~.~ +5,Q



. .

Table IIIa. Typical calculated resonance- self-shielded average fission
235U at 300 K, as a function of ahsG~berand capture cross sections oi

thickness, for neutron energies of 0.2, 2, end 20 P.ev, using the average
parameters of Table 1.

Absorber
Thickness

(g/cm2
0.0
G.47

1.83

3.59
8.83

17.74

Energy = 0.2 keV
<Uf> <UC>

(b) (b)
22.43 13.78
20.75 1.2.59

16.63 9.77
12.70 7.19

6.19 3.22

2.25 1.06

Energy = 2. ke’1
<of> < Uc>

(b) (b)

6.81 3.99

6.61 3.87

6.05 3.54
5.40 3.15

3.86 2.25
2.20 1.28

Energy = 20 keV
<of> <Oc>
(b) (h)

1.86 1.01
1.83 1.00

1.74 0.94

1.62 0.88

1.33 0.72
0.94 0.51

Table IIIb. ealculatior vi:h the same parameters as part a, with the

exception that 10% of the fission width is correlated with the neutron
width.

Absorber

Thickness

(g/cmz)
0.()
0.47

1.83

3.59
8.83

17.74

E~ergy = 0.2 keV
<of> <(yc>

(b) (b)
26.78 9.87
24.73 9.10
19.!5 7.21
14.99 5.43

7.17 2.55
2.51 0.87

Energy = 2. keV Energy = 20 keV

<Uf> <Uc> <Uf> <(Jc>
(b) (b) (b) (b)

8.14 3.01 2.211 0.83
7.89 2.92 2.20 0.81
7.22 2.67 2.nQ 0.77
6.45 2.39 1.95 0.72
4.60 1.71 1.60 (-).50

2,61 0.98 1.13 0.42

Table IIIc. Calculation with the same parameters as part a, with the

exception that rf is multiplied by a factor of 1.8 and rY by a

factor of 0.9.

Absorber

Thick~ess

(g/jm~)
.

0.47

1.83

3.59

8.83

17.74

Energy = 0.2 keV
cfYf> <UC>

(b) (b)
26.12 10.14
24.21 9.25
19.54 7.16

15.02 5.25
7.41 2.33

2.68 0.75

Energy = 2 keV

<af> <ac>

(b) (b)

8.02 2.92
7.78 2.83

7.13 2.59

7.37 2.31
4.56 1.65
2.60 0093

Energy = 20 kev

<af> <isc>

(b) (b)

2.27 0.75
2.23 ().73
2.11 0.70
1.97 0.65

1.61 0.53
1.14 0.38



the energy ran e f.~r which the intermediate structure has been observed
235U and

E
23 U cross sectiansfin the test results are valid. We have

also carried out a ~t[ldy to assign the parity of the intermediate
238U(n y), using the methcd devised by Corvi et al.structure in 29

for assigning resol~t’cl resonances in 23aU and 232Th as s- or p-wave.
Preliminary results of this study suggest that some of the intermediate

structure reportOd by Perez et al. appears to be due to s-wave neutron

absorption. If this is the case, then one must allow for the possibilltv

that the observed fluctuations are due to fluctuations in the radiatio~
width, whirh is considerately smaller than the average neutron width.

Finally, we address the practical effect of the possible presence of

width correlations in fertile and fissile nuclides. Clearly, the usual

unresolved resonance treatment with width-fluctuation corrections is not
adequate, because in the usual treatment it is explicitly assumed that

all partial widths are uncorrelated, and only the neutron width

autocorrelation is taken into account in calculating th~ fluctuation

correction. It is also clear that for an infinitely dilute

configuration, present methods give correct results, because the chang~s

in the effective cross sections that may arise from widt”h correlations

can easily be compensated by changes in the average partial widths. It

is the distribution of cross section values in a probability table that

wili be wrong, not the averages, and this becomes important only ~n a

strongly self-shielded configuration. It may also be noted that the
existence of intermediate structure increases the uncertainty of

extrapolating unresolved resonance parameters in cases where insufficient
data exist.
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